The study of the effects of scaling on magnetic tunnel junction (MTJ) devices has become an important topic in the field of spin-based memory devices. Here, we investigate the effect of elastic dephasing on trilayer and pentalayer MTJ considered at small transverse cross-sectional areas using the non-equilibrium Green's function spin transport formalism. We consider the structures with and without dephasing effects and clearly point out as to how the tunnel magnetoresistance effect gets affected by dephasing. We attribute the trends noted by analyzing the transmission spectra and hence the currents across the devices. Although dephasing affects the TMR values for both devices, we note that the obtained TMR values are still in a reasonable range that may not hinder their usability for practical applications.
I. INTRODUCTION
S PINTRONIC devices featuring magnetic tunnel junctions (MTJs) have attracted a lot of attention due to low power operation, non-volatility, and the possibility of writing data using spin currents via the spin-transfer torque (STT) effect. The principal technological applications are spin based magnetic random access memories (MRAMs) [1] , spin torque nano-oscillators [2] , [3] , [4] , and spin-based logic devices [5] . The basic structure of the STT-MRAM cell is the MTJ which consists of two ferromagnetic (FM) layers separated by a thin oxide layer. The magnetization of one FM layer called the reference layer (RL) is kept fixed via an antiferromagnetic exchange coupling, whereas the magnetization of the other FM layer called the free layer (FL) can be rotated by some externally applied magnetic field or via current-induced STT. Reading information from the MTJ depends on the relative orientation between the FL and RL, and the quality of an MTJ's electrical read-out/write process is determined by the tunnel magnetoresistance ratio (TMR) defined as T M R = (R AP − R P )/R P , where R AP and R P are the resistance of the device when magnetizations of the FL and RL are in the antiparallel configuration (APC) or the parallel configuration (PC), respectively.
While several groups have reported on how to enhance the TMR [6] , [7] in typical trilayer devices, in recent years, pentalayer devices which feature resonant tunneling have also been proposed [8] , [9] . The resonant tunneling MTJs (RTMTJs) offer an ultrahigh TMR due to the resonant spin filtering phenomenon [9] . As the scaling of the devices has become an important field of study, here we try to explore as to how the device characteristics of MTJs and RTMTJs are affected at an ultrasmall scale. From literature, it is well known that magnets with out-of-plane anisotropy switch with a lower critical current than those with in-plane anisotropy [10] , [11] . Hence, for all our calculations, we choose devices featuring magnets with out-of-plane anisotropy. Although inCorresponding author Debasis Das (e-mail: ddas@ee.iitb.ac.in).
plane anisotropy can also be assumed as long as the switching of FL is not considered, due to the fact that, both in-plane and out-of-plane magnetization gives rise to the same TMR.
In our recent work [12] we have shown how scaling affects the device characteristics of MTJ and RTMTJ structures by varying the cross-sectional area along the transverse direction, from 25 nm 2 to 10000 nm 2 using spin-resolved nonequilibrium Green's function (NEGF) approach. We have noted that the highest TMR was achieved at the smallest cross-sectional area, i.e., at 25 nm 2 , while maintaining a low resistance-area (RA) product. As the quality of an MTJ device depends on the TMR value, we can conclude that for a better MTJ, it is required to fabricate it with the smallest possible transverse cross-sectional area. So to see the effects of dephasing on MTJ as well as RTMTJ structures, we select the device with the smallest cross-sectional area. In practice, there are several sources which degrade the device performance, and these can be modeled qualitatively by introducing dephasing [13] within the device region. There are basically two types of dephasing [14] . One which destroys the phase but conserves the momentum, where electron-electron interaction is the source of this kind of dephasing. On the other side interface roughness, impurity scattering, acoustic phonon scattering introduces elastic dephasing which destroys both phase and momentum. In this work, the effect of elastic scattering on MTJ and RTMTJ is analyzed by varying strength of dephasing.
II. DEVICE MODELING

A. Device Structure
The device structures used for this simulation are shown in Fig. 1 . In the case of the MTJ, a thin MgO layer is sandwiched between the FL and RL, whereas in the RTMTJ a heterostructure consisting MgO-Semiconductor(SC)-MgO is sandwiched between the FL and RL. In our simulations, we have assumed that the FM layers to have perpendicular anisotropy, although in-plane anisotropy produces same TMR, as it depends on the relative angle between the magnetization arXiv:1807.02625v2 [cond-mat.mes-hall] 23 Jul 2018
of FL and RL. The magnetization of the RL is fixed along the y-direction whereas the FL is assumed to be confined in the y-z plane but making an angle θ with the y-direction as a result of thermal noise. For more accurate results, we performed a basis transformation [15] as the magnetization of both FM layers are not collinear. For all the devices, the direction of the electronic transport is assumed to be along the y-direction. 
B. Simulation Method
We have assumed ballistic transport in all the devices due to the small length scales involved (details are in device parameter section) along the transport direction which justifies the uncoupled mode space approach assumed for this simulation work. To simulate, using mode space approach, each transverse mode is calculated by solving the 2D Schrödinger equation along the transverse cross-section assuming that the wave vector k for each transverse mode is conserved. For calculating the total charge current flowing through the device, first we solve the 1-D NEGF equations for each transverse mode and then sum it over all the transverse modes. The NEGF calculation starts with the energy-resolved Green's function matrix [G(E)] which is obtained from device Hamiltonian matrix and it is given by For a trilayer MTJ, an oxide layer is sandwiched between two FM layers and hence it can be assumed that there will be a linear potential drop in the oxide layer. However, due to the presence of the heterostructure (MgO-Semiconductor-MgO) in the RTMTJ case, we capture the potential drop inside the device accurately via the self-consistent NEGF-Poisson solver [12] . The potential can be obtained by solving the following equations self-consistently.
where a 0 is the interatomic spacing, q is the electronic charge, r and 0 are relative and free space permittivity. A is the transverse cross-sectional area, n(y) is the electron density and G n (y; k x , k y ) is the diagonal element of the electron correlation matrix given by
Here
represents the spin-dependent broadening matrices of the top (T) and the bottom (B) contact respectively, and f T (E) and f B (E) represent the Fermi-Dirac distributions of the top and bottom contacts respectively. After solving [U ] self-consistently, the charge current operatorĨ op between two neighboring lattice points j and j + 1 is calculated using
where H and G n are 2 × 2 matrices in spin space and hencẽ I op is also a 2 × 2 matrix in spin space. The charge current calculated from the current operator is given by
The basic simulation method to solve self-consistent NEGFPoisson equation and to deduce current is schematized in the Fig. 2 (a) . While considering elastic dephasing effects, the equations for the corresponding self-energy matrices and the in-scattering functions get modified as
where Σ 0 (E) and Σ in 0 (E) are given by
Here, [D] denotes the correlation function involving the dephasing potentials [14] . For elastic dephasing which destroys phase and momentum, [D] matrix is chosen such that D(i, j) = D 0 δ ij , where magnitude of D 0 denotes strength of dephasing.
C. Device Parameters
For the simulation, device parameters were chosen from previously published articles [16] , [8] . For both device structures, we use CoFeB as the FM material for both FL and RL with an exchange splitting ∆=2.15 eV and Fermi energy E F at 2.25 eV [16] . Parameter details are shown in Fig. 2 (b) . The effective mass for the MgO is chosen to be m OX =0.18m 0 , whereas the barrier height from the Fermi level U B,OX =0.76 eV is chosen [16] . The width of each oxide layer in the MTJ, as well as the RTMTJ, is taken to be W B =1 nm. The width of the SC in the RTMTJ is W SC =1 nm, with the effective mass m SC =0.38m 0 , the well width U B,SC =-0.45 eV [9] and m 0 is the free electron mass. For the TMR calculation, the voltage between two FM layers is kept at a very low value (10 mV), so that itinerant spins do not affect the magnetization of the free layer FM.
III. RESULTS AND DISCUSSION
A. Trilayer MTJ
In our previous work [12] , we demonstrated how scaling affects TMR by varying the transverse cross-sectional area of the device from 25 nm 2 to 10000 nm 2 . The TMR is calculated as
where I P and I AP are the charge currents of the device in the PC and the APC respectively. In both structures, we have seen that the TMR remains constant at larger areas, but it shoots up rapidly if the area is reduced below a certain value. This result suggested that the highest TMR was obtained at 25 nm 2 . As the main criteria to design the MTJs is to obtain high TMR, and it was obtained at the smallest area, so we limit all of our simulations to the smallest area, i.e., at 25 nm 2 to save computational cost. To explore the effects of dephasing, we varied the strength of dephasing D 0 [17] , [13] .
First, we simulate the dephasing effect on the trilayer MTJ device. We note that the TMR reduces as the dephasing strength is increased as shown in Fig. 3(a) . As the TMR value depends on the currents, we have also analyzed the charge current for the PC and the APC as shown in Fig. 3(b) . From the charge current plot it is clearly seen that with an increase in dephasing strength, the currents in both the PC and the APC increase. While analyzing the current profile we notice that although currents in both configurations increase with D 0 , the current in APC increases at a faster rate than that of PC, thus decreasing the TMR. For D 0 =0.1 eV 2 , the change in current in the PC is increased by 12.46% and in the APC current is increased by 98.14% with respect to D 0 =0 eV 2 , whereas for D 0 =0.5 eV 2 , the current increases by 17.8% and 122.65% respectively in the PC and the APC. From, 11 it is quite clear that due to the different rates of increase of current in PC and APC, the TMR reduces. So we get a trend that with an increase of dephasing strength, although the current increases, the TMR reduces in the trilayer case. The results obtained from our simulations are summarized in Table I . B. Pentalayer RTMTJ Similarly, we investigate the effect of dephasing in pentalayer RTMTJs. Here we observe that the TMR reduces with an increase in dephasing strength in an almost linear fashion as shown in Fig. 4 (a) . Unlike the trilayer case, the reduction in TMR with dephasing is quite clear from the charge current variation with dephasing strength as shown in Fig. 4 (b) . From this figure, we can see that although the charge current in the APC increases with an increase of dephasing, the current in PC reduces drastically, which is why there is a sharp fall in the TMR with dephasing. For D 0 =0.1 eV 2 , the charge current in APC is increased by 2.54%, but in PC, it is decreased by 22.68% with respect to D 0 =0 eV 2 . However, for D 0 =0.5 eV 2 the charge current in PC is decreased by 33.73%, but in APC the current is increased by 189.6%. From these numbers and from Eq. 11 it is quite clear to understand the reason behind this sharp fall in TMR with dephasing strength. The above mentioned numerical results for RTMTJ simulation are tabulated in Table II . We know that the RTMTJ shows a very sharp transmission peak [9] for one type of spin near the Fermi level which gives rise to an ultrahigh TMR. From the transmission spectrum, we can get an idea about the currents in the devices. In order to find the reason behind this reduction of current with D 0 , we investigate how the transmission spectrum changes with dephasing. The change in transmission spectra with dephasing strength for the up spin electron in PC for the lowest transverse mode are shown in Fig. 5 (a) and (b). These plots reveal that the magnitude of the transmission peak reduces with the increase of dephasing strength and also the transmission spectrum get flattened, which matches with the previously reported trend [17] , and can hence be deduced as the reason behind the reduction of the charge current in PC with the increase of dephasing strength.
IV. CONCLUSION
We investigated how elastic dephasing effects influence the device characteristics for the trilayer MTJ and the pentalayer RTMTJ at the small transverse cross-sectional area. In the trilayer MTJ as well as the pentalayer RTMTJ, we note a fall in TMR with an increase in dephasing strength, where the reduction of TMR is much more drastic in the RTMTJ structure. We attributed these trends by analyzing the variation of the transmission spectrum in order to intuitively explain this dramatic reduction. Although dephasing affects the TMR values for both devices, we note that the obtained TMR values are still in a reasonable range that may not hinder their usability for practical applications.
